The designed assembly of proteins into well-defined supramolecular architectures not only tests our understanding of proteinprotein interactions, but it also provides an opportunity to tailor materials with new physical and chemical properties. Previously, we described that RIDC3, a designed variant of the monomeric electron transfer protein cytochrome cb 562 , could self-assemble through Zn 2+ coordination into uniform 1D nanotubes or 2D arrays with crystalline order. Here we show that these 1D and 2D RIDC3 assemblies display very high chemical stabilities owing to their metal-mediated frameworks, maintaining their structural order in ≥90% (vol/vol) of several polar organic solvents including tetrahydrofuran (THF) and isopropanol (iPrOH). In contrast, the unassembled RIDC3 monomers denature in ∼30% THF and 50% iPrOH, indicating that metal-mediated self-assembly also leads to considerable stabilization of the individual building blocks. The 1D and 2D RIDC3 assemblies are highly thermostable as well, remaining intact at up to ∼70°C and ∼90°C, respectively. The 1D nanotubes cleanly convert into the 2D arrays on heating above 70°C, a rare example of a thermal crystalline-to-crystalline conversion in a biomolecular assembly. Finally, we demonstrate that the Zn-directed RIDC3 assemblies can be used to spatiotemporally control the templated growth of small Pt 0 nanocrystals. This emergent function is enabled by and absolutely dependent on both the supramolecular assembly of RIDC3 molecules (to form a periodically organized structural template) and their innate redox activities (to direct Pt 2+ reduction).
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protein self-assembly | supramolecular coordination chemistry | nanomaterials | biomaterials | inorganic nanoparticles T he enormous structural and chemical diversity of proteins makes them highly attractive building blocks for functional materials. Supramolecular protein assemblies constitute the major components of cellular machinery, and many of them [e.g., 0D ferritin (1), 1D silicatein filaments (2, 3), 2D S-layers (4) ] have also found a number of applications in nano-and biotechnology (2, 4, 5) . Such protein assemblies are typically highly ordered, yet they possess dynamic structures that respond to external stimuli (6) . Distinctively, protein assemblies are innately functional: the individual building blocks of these assemblies often perform specific chemical functions. For instance, the monomeric components of silicatein filaments or ferritin cages each have catalytic sites that process the precursors (SiO 2 or Fe 2+ ) for the downstream biomineralization processes (1, 3) . On self-assembly, these individual components can be significantly stabilized (allowing them to withstand the extracellular environment and perform their functions) (7) , and their chemical function takes on an entirely different context within the supramolecular architecture (acting as the template for biomineralization in the cases of silicatein and ferritin). Thus, they display emergent properties, both structurally and functionally.
Such advanced properties of natural supramolecular protein architectures have provided a strong motivation for efforts in designed protein assembly. The ability to choose arbitrary proteins as building blocks and to program their arrangement into desired supramolecular architectures could not only reveal natural design principles for protein self-assembly, but also generate entirely new functions and physical attributes beyond what these proteins evolved into during natural selection. However, this task is complicated by the fact that proteins are complex macromolecules that do not possess many canonical interaction motifs with which to program their organization. A number of strategies have been devised toward this end, including computational design of associative surfaces (8) , the construction of chimeric protein assemblies with preprogrammed symmetries (9, 10) , and those that use specific ligand-protein interactions (11) (12) (13) (14) , metal coordination (15) (16) (17) , disulfide bonds (18) (19) (20) , or a combination of these strategies (21, 22) to connect protein building blocks. These approaches have produced supramolecular architectures with increasing structural sophistication or improved functions. However, the design of protein assemblies that simultaneously possess well-defined structures, functions, and emergent/collective properties like their evolved counterparts remains a significant challenge, which we address in this study.
We recently reported that a monomeric heme protein (cytochrome cb 562 ) could be appropriately designed to create a selfassembling variant that we termed RIDC3 (Rosetta Interface Designed Cytochrome 3) (22) . With respect to cyt cb 562 , RIDC3 carries 3 amino acid substitutions on its surface for Zn 2+ coordination and 10 additional substitutions to promote its dimerization into a C 2 -symmetric complex, which possesses coordinatively unsaturated Zn 2+ coordination sites to promote the growth of extended arrays ( Fig. 1 and Fig. S1 ) (22) . We showed that RIDC3 arranged on Zn 2+ coordination into crystalline 1D nanotubes or 2D arrays, whose sizes and morphologies were controllable through pH, RIDC3 concentration, or the molar excess of Zn 2+ relative to RIDC3 (Fig. 1A) (22) . Under conditions that accelerated Zn-mediated RIDC3 nucleation (high pH, high [RIDC3], and high [Zn]:
[RIDC3] ratios), the parent 2D sheets could not grow to large sizes and folded into 50-to 70-nm-wide, hollow nanotubes ( Fig. 1 B and  C) . In contrast, conditions that slowed down Zn-mediated RIDC3 Significance Supramolecular assembly is a powerful strategy to generate structural and functional diversity from a limited set of components. Owing to their chemical and structural versatility, proteins represent particularly attractive building blocks for engineering supramolecular materials with new or improved properties. We previously exploited the strength, directionality, and reversibility of designed metal coordination interactions to arrange a monomeric, redox protein into highly ordered supramolecular architectures. Here we demonstrate that metal-directed self-assembly not only yields very stable architectures but that it also leads to a dramatic stabilization of the individual protein components, whose redox activities can now be utilized for controlled growth of inorganic nanocrystals. These emergent physical and functional properties are attained with minimal modification of the original building blocks. Here we take a step beyond these initial structure-building studies and examine in detail the physical and chemical properties of the 1D and 2D Zn-RIDC3 assemblies. We show that these assemblies not only are stable to polar organic solvents and high temperatures because of their metal-mediated frameworks, but also that the individual RIDC3 building blocks themselves are significantly stabilized by virtue of supramolecular selfassembly. Given the innate function of RIDC3 as a one-electron transfer agent, the supramolecular Zn-RIDC3 arrays represent redox-active templates with structural periodicity, which can be used to spatiotemporally control the reductive growth of Pt 0 nanoparticles (PtNPs) on their surfaces. Thus, the Zn-RIDC3 assemblies display emergent structural and functional properties not manifested in the individual cyt cb 562 building blocks.
Results and Discussion
High-Yield Preparation and Characterization of 1D and 2D RIDC3 Assemblies. The fact that RIDC3 can be predictably assembled into different supramolecular architectures (with the same underlying molecular pattern) provides a unique opportunity to probe how the physical and chemical properties of proteins may be affected by their supramolecular organization. With this question and downstream materials applications in mind, we first sought to produce monodisperse 1D and 2D RIDC3 assemblies in large quantities. We found that at pH 5.5 (in 5 mM bis-TRIS buffer), the addition of 100 equivalents of Zn 2+ to a solution of 50 μM RIDC3 initiated the formation of 1D nanotubes almost immediately, and after 1 wk, these structures were the predominant species present (Figs. 1 B and C and 2). Under these conditions, the 1D nanotubes persisted for at least 1 mo. In contrast, the inclusion of higher concentrations of bis-TRIS (≥50 mM), which weakly coordinates Zn 2+ , resulted in the rapid formation of the 1D nanotubes and their conversion into 2D arrays after 1 d (Fig. S2 ). We attribute this phenomenon to the ability of bis-TRIS to accelerate the Zndependent equilibration between the 1D nanotubes (kinetic product) and the 2D arrays (thermodynamic product, vide infra). The overall yield for the formation of 1D RIDC3 nanotubes obtained under low bis-TRIS concentrations was nearly quantitative (97.5 ± 0.5%), as determined by measuring the concentration of RIDC3 that remained in solution after isolation of arrays by centrifugation.
Although the inclusion of high bis-TRIS concentrations provides one route to obtain 2D RIDC3 arrays, we found that the addition of a lower molar excess (10-fold) of Zn 2+ over RIDC3 at the same pH (in 20 mM MES buffer) also produced 2D arrays exclusively and in quantitative yield (98.6 ± 0.1%) over 1 wk ( Fig.  1 D and E) . Both the 1D and 2D RIDC3 assemblies were reproducibly crystalline and displayed the same lattice constants (a ∼ 37 Å, b ∼ 138 Å, α ∼ 90°) as previously reported (22) .
Inductively coupled plasma-optical emission spectroscopy (ICP-OES) analyses indicated that 1D and 2D RIDC3 assemblies contained 2.4 ± 0.1 and 3.4 ± 0.2 equivalents of Zn per RIDC3 monomer, respectively. The RIDC3 concentration was deduced from the Fe content of the sample, as each monomer contains a single heme-Fe center. These values are larger than the 1.5 Zn/ monomer ratio found within the parent 2D lattice (Fig. S1A ), suggesting that excess Zn 2+ ions can associate with the surfaces of these assemblies, likely through the many aspartate and glutamate residues (Fig. S1B) .
Atomic force microscopy (AFM) measurements revealed that 1D RIDC3 nanotubes, which were flattened on the mica substrate, were 5 ± 1 nm high (Fig. 1C ). This value is slightly lower than the expected height (8 nm) of two single layered RIDC3 sheets, which may be due to partial unfolding of the protein nanotubes on deposition on the mica substrate. The 2D RIDC3 Fig. 1 . Zn-mediated assembly of RIDC3 into supramolecular arrays and structural characterization of the arrays. (A) Scheme for self-assembly of monomeric RIDC3 into helical nanotubes and multilayered 2D arrays. Amino acids designed to promote dimerization are shown as cyan sticks and those responsible for metal binding as magenta sticks. Addition of excess Zn 2+ effects the formation of polymerization-competent nuclei that either grow unidimensionally and fold into 1D helical nanotubes (Upper) or bidimensionally and stack into multilayered 2D periodic arrays (Lower). 1D nanotubes (B and C) and 2D arrays (D and E) were structurally characterized by negative stain TEM (B and D) and AFM (C and E). Fourier transforms (B and D, Insets) show that the arrays are crystalline and have identical unit cell parameters. arrays were 20-85 nm high, which corresponds to 5-20 stacked sheets (Fig. 1E) .
Chemical Stability of 1D and 2D RIDC3 Assemblies. The single-layered RIDC3 sheets, which are the parent substructures for both the 1D nanotubes and the 2D arrays (Fig. 1A) , are formed by a network of strong Zn coordination interactions between RIDC3 monomers (Fig. S1A) . Therefore, we envisioned that both the 1D and 2D RIDC3 assemblies may be particularly stable under materials or biotechnological processing conditions such as in organic solvents and at high temperatures, which normally disrupt protein structures held together by noncovalent interactions. The chemical stability of RIDC3 assemblies was determined by their resistance to morphological changes on incubation in four polar organic solvents that covered a wide range of hydrophobicities [i.e., octanol/water partition coefficients, P ow ): tetrahydrofuran (THF, log P ow = 0.46), isopropanol (iPrOH, 0.05) methanol (MeOH, -0.74) or N,Ndimethylformamide (DMF, -1.01)] (23). 1D RIDC3 nanotubes, which are a single-sheet thick and thus represent the minimal stabilizing unit, remained well dispersed and retained their native morphologies and crystalline order, as measured by transmission electron microscopy (TEM), for at least 12 h in up to 40% (vol/vol) THF, 40% iPrOH, 70% DMF, and 60% MeOH (Fig. S3A) . Changes to the supramolecular structure of the protein arrays on further increases in organic solvent were dependent on solvent polarity. In less polar solvents (THF and iPrOH), the tubes formed dense aggregates above organic solvent concentrations of ∼50%, but individual tubes remained crystalline (Fig. S3B) . In more polar solvents (DMF and MeOH), there was a sharp transition from well-dispersed tubes with intact lattices to partially disassembled, noncrystalline tubes (Fig. S3C) . The tendency of nanotubes to aggregate in less polar solvents is likely a result of unfavorable interactions of polar surface amino acids with solvent molecules, which leads to the bundling of tubes. In contrast, the more polar solvents (DMF and MeOH) are likely able to promote the dispersion of RIDC3 tubes through H-bonding up to high concentrations, at which point they also act as protein denaturants and cause disassembly.
Owing to additional interlayer stacking interactions, 2D RIDC3 arrays showed even greater structural stability than the 1D nanotubes, with no changes in either their overall morphology or underlying crystalline lattice after incubation for 12 h in up to 90% (vol/vol) of all four solvents tested (Fig. S4) . In fact, even after 2 mo at room temperature in these solvents or after repeated isolation of the arrays by centrifugation and resuspension, we found no evidence for the dissolution of the 2D arrays, for the loss of their crystalline order, or for their aggregation.
Supramolecular Stabilization of RIDC3 Monomers in Organic Solvents.
We next probed whether individual RIDC3 monomers are stabilized on arrangement into 1D and 2D supramolecular arrays, which would represent an emergent physical property. Toward this end, we monitored the Soret band of the integrated heme cofactor, which is highly sensitive to changes in solvation and Fe coordination and therefore frequently used to assess the structural integrity/foldedness of hemeproteins (24) . It is important to note here that the heme cofactor of RIDC3 is covalently attached to the protein backbone via c-type linkages to engineered Cys residues and does not dissociate on unfolding (24) . Because RIDC3 monomers are already thermostable (T m ∼80°C), the differential stabilization effect was most apparent in organic solvents, in particular those with high hydrophobicities (i.e., THF and iPrOH). As isolated in solution, RIDC3 monomers unfolded at <30% THF and ∼50% iPrOH (Fig. 3 A and B and Fig. S5A ) as indicated by a blue-shift of the Soret maximum from 415 to 408 nm. RIDC3 was more stable in solvents with higher polarities, remaining partially folded in up to 80% DMF and 90% MeOH (Fig. S5B) , as has been observed for other monomeric proteins such as α-chymotrypsin (25) . In contrast, once assembled in 1D nanotubes and 2D arrays, RIDC3 did not display any unfolding transition at up to 90% THF or iPrOH (Fig. 3 A and B and Fig. S5A ). At high concentrations of DMF and MeOH (80-90%), RIDC3 nanotubes, and to a lesser extent 2D arrays, began to show signs of unfolding (Fig. S5B) . The unfolding of nanotubes correlates well with the point at which they began to disassemble, as visualized by TEM (Fig. S3C) .
A number of strategies have been devised to improve the stabilities of proteins and enzymes to make them suitable for biotechnological processes, particularly those requiring organic solvents (26) . These strategies include computational design (27) (28) (29) , rational (30) or random mutagenesis (31), chemical modification with polymers (32, 33) , immobilization on solid supports (34), or covalent cross-linking of crystals (35, 36) . Stabilization of proteins through metal-mediated supramolecular arrays, such as demonstrated here, perhaps combines the best of these approaches: it is minimally invasive, the monomers can be recovered and recycled in their native forms by metal chelation, and the 1D and 2D crystalline arrays boast very high surface area/volume ratios, a near-unity protein weight fraction, and high dispersity/stability in polar organic solvents.
Thermal Stability and Interconversion of 1D and 2D RIDC3 Assemblies.
1D and 2D RIDC3 assemblies were also found to be highly thermostable, maintaining their supramolecular architecture and crystallinity on incubation at 70°C for 12 h (Fig. S6A) . Above 80°C, some disorder in the supramolecular lattice of the 2D arrays was apparent, although the lattice constants did not change (Fig. S6B ). This disorder is ascribed to the partial unfolding/dissociation of proteins on the surface layers, leaving the inner layers unaffected. Accordingly, we observed a slight increase in the fraction of dissolved RIDC3 (from 2.5% to 8% after 12 h).
Interestingly, incubation of 1D nanototubes at 80°C resulted in their gradual conversion into 2D arrays over 5 h (Fig. 2) , with no concomitant increase in the free monomer concentration in solution. This observation is consistent with the higher stability of the 2D arrays. Temperature-induced morphological transformations have also been reported for tobacco mosaic virus (TMV) (Table S1 ), an atypically stable tubular virus (37) . However, the clean thermal conversion of the 1D RIDC3 nanotubes into the 2D RIDC3 sheets represents, to our knowledge, a previously unidentifed example of a designed biomolecular assembly that shows a crystalline-to-crystalline structural transition. A plausible mechanism involves the thermally induced unraveling of the 1D tubes into sheets that subsequently aggregate into the thermodynamically more stable, stacked 2D arrays. In an alternative scenario, the 1D tubes may fully dissociate into monomers, which then assemble on Zn 2+ coordination into the 2D arrays.
Redox-Controlled Growth of Platinum Nanoparticles on RIDC3 Assemblies.
Having established the robustness of Zn-directed RIDC3 superstructures and the stabilization of the monomers therein, we set out to examine whether these advantages could be coupled with the built-in redox activity of RIDC3 monomers to control the templated growth of inorganic materials. We chose Pt 0 nanoparticles (PtNPs) as the proof-of-principle target because the synthesis of these often-used catalysts has been demonstrated under various solution conditions and in the presence of different biomolecular templates (38) (39) (40) (41) . However, in all of these cases, the template was functionally passive, providing either only a locale for the attachment of Pt 2+/4+ ions or displaying a peptide sequence motif that can promote the growth of Pt nanocrystals through binding of specific crystal planes (42, 43) . Because the biological role of cyt cb 562 (the parent of RIDC3) is electron transfer via its heme center, we surmised that heme groups housed periodically within RIDC3 assemblies can direct the controlled reduction of surface-attached Pt 2+ into PtNPs. We first set out to establish that RIDC3 assemblies could support reductive PtNP growth on their surfaces and whether this process indeed required the presence of the supramolecular template (Fig. 4) . Briefly, the 1D nanotubes (10 μM total RIDC3 concentration) and 2D arrays (50 μM total RIDC3) were incubated with 5 or 10 mM Pt 2+ , respectively, at room temperature for 24 h to allow coordination to surface Asp and Glu residues. Subsequent addition of 50 mM ascorbate resulted in a gradual color change of the suspensions from red (due to heme absorption) to black over the course of ∼4 h. TEM images of unstained samples showed that the crystalline 1D and 2D RIDC3 architectures were unaffected by this chemical treatment (Fig.  S7A ) and revealed the presence of surface-attached dendritic nanoparticles 33 ± 8 and 23 ± 8 nm in diameter for 1D nanotubes and 2D arrays, respectively, as well as some single nanoparticles (Fig. 4 C and E) . High-resolution TEM images revealed that the nanodendrites are crystalline and composed of single particles 3 ± 0.5 nm in diameter and that many of these single particles are aligned throughout the dendritic clusters (Fig. S7B) .
During these experiments, we found that the high thermostability of the 2D RIDC3 arrays is further improved on overnight Pt 2+ incubation, likely due to cross-linking of surface residues. Therefore, we were able to carry out templated PtNP growth experiments also at 99°C. In line with previous findings (44), the heat treatment resulted in a considerable decrease in the size of PtNPs, yielding in near uniformity single particles with a narrow size distribution (2.2 ± 0.7 nm in diameter; Fig. 4 D and F) .
When the PtNP growth experiments were carried out in the absence of RIDC3 arrays at room temperature, mostly large amorphous Pt aggregates formed (Fig. S8A) . Similar aggregates were formed at 99°C in the absence of a template, although to a lesser extent than at room temperature (Fig. S8A) . Omission of the overnight incubation step with Pt 2+ before heating resulted in an increase in background reduction and sparse PtNP coverage of the RIDC3 templates (Fig. S8B) . Incubation of preformed particles with RIDC3 arrays at room temperature or after a 10-min period at 99°C resulted in only disordered aggregates (Fig. S8B) . Finally, when RIDC3 monomers were used rather than their assemblies, we observed a significant decrease in PtNP formation. A possible explanation is that any growing Pt seeds on an RIDC3 monomer can be capped by other free RIDC3 monomers, thus preventing their growth into larger nanoparticles. Alternatively, the nucleation and growth of PtNPs may be taking place primarily at interfacial coordination sites in the RIDC3 arrays, which are not present in the monomers. In any case, our control experiments clearly show that the assembly of RIDC3 into supramolecular arrays is necessary for the templated growth of PtNPs and that these supramolecular arrays can operate under conditions not typically tolerable by most biomolecular assemblies.
Light-Activated Growth of Platinum Nanoparticles on RIDC3 Assemblies via Zn-Substituted Heme Cofactors. To investigate whether the heme centers within the RIDC3 arrays are actively involved in the reductive growth of PtNPs, we synthesized ZnP-RIDC3, in which the heme Fe center was replaced by Zn
2+
. The particular advantage of the Zn-porphyrin (ZnP) cofactor in the context of our experiments is that it is redox-inactive in its ground state but becomes a strong reductant/oxidant on UV-visible (UV-vis) excitation (45, 46) . ZnP-RIDC3 was prepared in high purity according to established protocols for other cytochromes (47) and displayed the expected absorption and emission features for a ZnP species (Soret maximum at 426 nm, emission maxima at 594 and 645 nm; Fig. 5 A and B) . It also formed the same Zn-mediated crystalline 2D arrays with near-identical lattice constants (a = 37 nm, b = 136 nm, α = 90°; Fig. 5 C and D) as the FeP counterpart, verifying that metal substitution did not affect the structure of the RIDC scaffold and its self-assembly.
2D ZnP-RIDC3 arrays were incubated with 5 mM Pt 2+ overnight, after which unbound Pt and unassembled protein were removed by centrifugation. Pt 2+ -bound ZnP-RIDC3 arrays were then resuspended in a buffer solution that contained 50 mM ascorbate (now intended as a sacrificial electron donor in the photocatalytic scheme; Fig. 6A ), but no additional Pt
, and illuminated with white light for 10 min to create Pt 0 seeds for nanoparticle growth at room temperature ( Fig. 6B ): 25 mM Pt 2+ was then added to this suspension, and the growth of PtNPs was followed by an increase in absorbance at 650 nm (Fig. 6C ) and by TEM (Fig. S9) . The same procedure was carried out in parallel for a ZnP-RIDC3 sample that was not exposed to light and two FeP-RIDC3 samples that were either illuminated or not (Fig. 6C  and Fig. S9 ).
The various one-to-one comparisons between these four samples in terms of their Pt 0 -nanoparticle growth kinetics are highly revealing (Fig. 6C) . In the irradiated ZnP-RIDC3 sample, the PtNP growth commenced immediately and was nearly complete by ∼1 h, whereas in the nonirradiated ZnP sample, there was nearly a 2-h lag phase before growth. For the FeP-RIDC3 samples, light exposure did not have any effect on the PtNP growth as expected. However, for these samples, the growth kinetics were significantly faster compared with those of the nonirradiated ZnP-RIDC3 templates, but slower than those of the irradiated ZnP-RIDC3 sample. In addition, PtNPs on nonirradiated ZnP-RIDC3 arrays were highly irregular with a broad size distribution (37 ± 24 nm, with some particles exceeding 100 nm in diameter) and unevenly distributed over the array surfaces (Fig. 6 D and E) . In contrast, the light-exposed ZnP-RIDC3 arrays supported the growth of smaller PtNPs with a tighter size distribution (30 ± 10 nm), and the surface coverage was uniform (Fig. 6 F and G) . These observations are consistent with the following two conclusions:
i) The built-in FeP cofactor of RIDC3, which has an Fe 3+/2+ reduction potential of 0.18 V (24), acts as a redox conduit between ascorbate (E°∼ 0.1 V at pH 5.5) (48) and the surface-bound Pt 2+ ions, thus giving rise to more efficient and uniform nucleation/growth of PtNPs compared with that observed with the ground-state, redox-inactive ZnP-RIDC3 arrays. In the latter case, the nucleation and growth of PtNPs by necessity occurs through the bimolecular reduction of Pt 2+ ions by ascorbate, which offers far less spatiotemporal control compared with the intramolecular reduction of surfaceimmobilized Pt 2+ by integrated FeP cofactors, leading to a less uniform spatial and size distribution of PtNPs on their surfaces.
ii) The triplet excited state of ZnP ( 3 ZnP, E°∼ -0.8 V) (49) is a significantly more potent reductant than FeP, which results in a more efficient/rapid generation of Pt 0 seeds on the array surface and the growth of PtNPs without a detectable induction period (Fig. 6C) .
Undoubtedly, a firm establishment of these conclusions will require a detailed examination of the various possible electron transfer pathways operative during templated PtNP nucleation and growth. Nevertheless, our findings clearly show the RIDC3 arrays are actively involved in the redox chemistry of these processes through their integrated heme cofactors.
Conclusions. We described here the improved or emergent physical and functional properties that are derived from the designed, metal-directed supramolecular assembly of a monomeric redox protein, cyt cb 562 , into ordered, nanoscale 1D and 2D architectures. Notably, the conversion of cyt cb 562 into these functional architectures is achieved by only 13 structurally innocuous surface mutations, which amount to just 11% of the amino acid sequence. The uniform 1D and 2D RIDC3 arrays can be reproducibly generated in high yields by a simple adjustment of solution conditions. Also, the 1D RIDC3 nanotubes can be cleanly converted into the thermodynamically more stable 2D sheets by heat, demonstrating stimuli responsiveness that is characteristic of evolved protein assemblies. The metal-mediated cooperative connectivity of Zn-RIDC3 assemblies not only leads to their stability as a whole but also the dramatic stabilization of their individual components that is crucial for bio/nano-technological applications that center on the specific activity of the protein building blocks. In the present case, the native electron transfer function of the RIDC3 building blocks was exploited to spatiotemporally control the growth of dense arrays of PtNPs, which also could be triggered by light. The redox-controlled growth of PtNPs absolutely required the supramolecular assembly of RIDC3, thus demonstrating an emergent functional property. Given that electron transfer is the simplest (but also the most fundamental) chemical reaction, it is exciting to contemplate the functional scope and applications of synthetic superprotein assemblies constructed from protein building blocks with more sophisticated functions.
Materials and Methods
The expression and purification of RIDC3 were carried out as previously described (22) . For the preparation of ZnP-RIDC3, protocols previously used for Zn substitution into the cytochrome c heme center were adapted (47) . For a more detailed description of experimental methods on ZnP-RIDC3 preparation, Zn-mediated self-assembly, nanoparticle growth, and physical characterization (EM, AFM, UV-vis, and circular dichroism spectroscopy), see SI Materials and Methods.
